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Abstract. An informal intercomparison of NOy measurement techniques was conducted from 
June 13 to July 22, 1994, at a site in Hendersonville, Tennessee, near Nashville. The 
intercomparison involved five research institutions: Brookhaven National Laboratory, 
Environmental Science and Engineering, Georgia Institute of Technology, NOAA/Aeronomy 
Laboratory, and Tennessee Valley Authority. The NOy measurement techniques relied on the 
reduction of NOy species to NO followed by detection of NO using 03-chemiluminescence. The 
NOy methods used either the Au-catalyzed conversion of NOy to NO in the presence of CO or H2 
or the reduction of NOy to NO on a heated molybdenum oxide surface. Other measurements 
included 03, NOX, PAN and other organic peroxycarboxylic nitric anhydrides, HNO3 and 
particulate nitrate, and meteorological parameters. The intercomparison consisted of six weeks of 
ambient air sampling with instruments and inlet systems normally used by the groups for field 

measurements. In addition, periodicchallenges to the instruments (spike tests) were conducted 
with known levels of NO, NO2, NPN, HN03 and NH3. The NOy levels were typically large and 
highly variable, ranging from 2 ppbv to about 100 ppbv, and for much of the time was 
composed mostly of NOX from nearby sources. The spike tests results and ambient air results 
were consistent only when NOX was a substantial fraction of NOy. Inconsistency with ambient 
air data and the other spike test results is largely attributed to imprecision in the spike results due 
to the high and variable NOy background. For the ambient air data, a high degree of correlation 
was found with the different data sets. Of the seven NOy instrument/converters deployed at the 
site, two (one Au and one MO) showed evidence of some loss of conversion efficiency. This 
occurred when the more oxidized NOy species (e.g., HNO3) were in relatively high abundance, as 
shown by analysis of one period of intense photochemical activity. For five of the instruments, 
no significant differences were found in the effectiveness of NOy conversion at these levels of 
NOy with either Au or MO converters. Within the estimated uncertainty limits there was 
agreement between the sum of the separately measured NOy species and the NOy measured by the 
five of the seven techniques. These results indicate that NOy can be measured reliably in urban 
and suburban environments with existing instrumentation. 

1. Introduction 

In order to understand the many and varied chemical 

pathways in the atmosphere an extremely diverse and large 

number of compounds must be measured, many at very low 

‘Aeronomy Laboratory, NOAA Environmental Research 
Laboratories, Boulder, Colorado 

‘Also at Cooperative Institute for Research in Environmental 
SciGnces, University of Colorado, Boulder. 

-‘Now at National Center for Atmospheric Research, Boulder, 
Coltrado. 

Now at Department of Chemistry, Western Michigan University, 
Kalqmazoo. 

. Environmental Chemistry Division, Department of Applied 
Sci%nces, Brookhaven National Laboratory, Upton, New York, 

Atmospheric Sciences Department, Tennessee Valley Authority, 
Muqcle Shoals, Alabama. 

Now at Aeronomy Laboratory, NOAA Environmental Research 
Laboratories, Boulder, Colorado. 

*Environmental Science and Engineering, Durham, Noah Carolina. 
‘Now at Atmospheric Research and Analysis, Inc., Durham, North 

Carp#n?. 
Air Quality Laboratory, Earth and Atmospheric Sciences, Georgia 

Institute of Technology, Atlanta, 

Copyright 1998 by the American Geophysical Union. 

Paper number 98JDOOO74. 
014%0227/98/9SJD-00074$09.00 

concenVaGons. One important family of compounds that 
plays a key role, directly or indirectly, in almost all of 

photochemical processing are the oxides of nitrogen. 
Members of this group act as catalysts for photochemical 

production of ozone (03) [Liu et ul., 1987; I?Z et ul., 1988; 
Truiner et ul., 1993, 19951; they regulate the oxidative 

capacity (hence, cleansing ability) of the atmosphere [Levy, 

19721; and they are responsible for a significant fraction of 

acid deposition [Irving, 19911. 

A number of measurement methods for the principal 
nitrogen oxide species (NO and NO*, together called NOJ, 

peroxyacetic nitric anhydride (PAN), and nitric acid (HN03)) 

are available and have been critically evaluated [FIoeU et ul., 
1987; Fehsenfeld et cd., 1990; Roberts, 1990; Anlauf et al., 

1985; Fox et al., 19881. There are also techniques available 

for the determination of total reactive nitrogen oxides (NOJ in 

the atmosphere [ Fahey et al., 1986; Atlas et al., 1992; Parrish 

et al., 1993; Sandholm et al., 1994; Nielsen et al., 19951. 

Depending on proximity to sources, altitude, and other factors 

NOY will consist of NO, NO?, NO3, NzOs, HNO2, HNO3, HNO4, 

PAN and its analogs, nonperoxy organic nitrates, halogen- 
nitrogen species such as ClONO2 and BrONOz, and particulate 
nitrate (NO;). This is an important measurement since it 
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provides a means to assess, from a mass balance approach, here. Only one similar study for the MO converter has been 

whether or not the individually measured species account for published [Nmnermucker, 19901. 

all of the nitrogen oxides in a particular air mass. If a deficit in Perhaps the most effective means to evaluate the 

NOY is found, then there are two distinct possible causes: (I) performance of different NOY measurement techniques is 

that the measurements are in error, or (2) that there are comparison of data collected simultaneously while the 

unmeasured nitrogen oxide compounds in the atmosphere. It is instruments are collocated and measuring under actual field 
this latter, more interesting, case that makes the determination conditions. However, only one ground-based intercomparison 

of NO! in the atmosphere so desirable since it may provide of NOY techniques has been done [Fe/zsenfe/d et cd., 19871. 

another probe into the complex photochemistry. Two instruments were involved in that study, and both used 

Measurement methods for NOY all rely on metal-surface NO-O3 chemiluminescence as the analytical technique. One 

promoted reduction of the more highly oxidized species to NO instrument used an Au tube heated to 300°C with added CO, 

which is determined via chemiluminescence or laser-induced while the second instrument used MO mesh heated to 4OO’C. 

fluorescence. However, there are differences among current Both instruments produced similar measurements of NOY in 

NOY measurement techniques. One principal difference is in ambient air ranging between 0.5 ppbv and 60 ppbv. Since 

the metal catalyst used to effect reduction to NO; currently two those results were published no other ground-based 
metals are in widespread use: gold and molybdenum. There are comparisons of NO instruments have been reported. 

also differences in how these metals are employed in practice. This paper descr:bes results from an extensive ground-based 

For example, Au is generally employed as a tube of pure metal NOY instrument intercomparison conducted near Nashville, 

used in conjunction with either carbon monoxide (CO) or Tennessee, during June and July of 1994. This experiment was 
hydrogen (HZ) gas as reductant while MO is employed as an sponsored by the Southern Oxidants Study (SOS) in 
oxide (generically, MOO) in mesh form with no additional preparation for a field program involving a large number of 
gases. Also, the Au tube converter has been specifically ground- and aircraft-based NOI instruments in Nashville during 

designed to convert only gas-phase species [ Fuhey er al., the summer of 199s. Because of differences in those NOY 

19851 and to pass the majority of the aerosol component in instruments, it was thought necessary from the standpoint of 
the air sample; typical MOO converters in use currently are data comparability to evaluate those same instruments ahead of 

purposefully designed to respond to aerosol nitrate. The inlet time. Since results from an earlier (1992) SOS-sponsored 
systems used to introduce the atmospheric sample into the sludy in Atlanta indicated significant degradation of NOj 

metal converter are also very important since some of the NO! converters used in that urban environment, it was considered 
species are susceptible to significant loss on surfaces. Long prudent to conduct this comparison in the same locale as the 

unheated inlet lines upstream of the heated converter are upcoming I995 field study to determine if similar problems 

expected to produce significant losses of species such as would result. Therefore, during June and July of 1994, 

HNOj. representatives from five separate laboratories involved in the 

Unfortunately, from both analytical and practical SOS program brought their NO! instruments to a site near 

viewpoints, the determination of NOY is an inherently difficult Nashville, Tennessee, for six weeks of simultaneous 

measurement since an entire suite of species is being measured, measurements. 

not a single compound. The efficiency with which the 

different NO? species are converted to NO is of paramount 2. Experiment 
importance because when conversion for all NO? compounds is 

not close to unity the measurement becomes highly uncertain. This intercomparison was open and informal in nature. 

Further, it is also necessary that no non-NOJ species be This format was chosen to minimize the potential of data 

converted. Non-NOY species include ammonia (NH$, organic being lost from an instrument due to catalyst poisoning, as 

amines, nitriles, and nitrous oxide (NzO). The environment in was the case with a previous experiment. However, while 

which the NOY measurements are to be conducted also must be exchange of scientific and technical information and 

considered. During aircraft missions dramatic and rapid interaction among investigators during the experiment was 

fluctuations in NO? and in environmental factors, such as allowed, free exchange of ambient data and spike results was 

pressure and water vapor levels, are routinely experienced. discouraged. The measurements were made using separate 

These rapidly changing conditions can significantly influence inlets for each instrument (i.e., there was no common 

the efficiencies of converters [Crosley, 19961. The relative sampling manifold). These inlets were intended to be the same 

importance of interferences (non-NO? species such as HCN and as or at least similar to the inlets used by the groups in 

NHj) also changes with environment. For example, HCN is 
sampling during the field campaign the next year. 

relatively uniform in the troposphere at -160-170 pptv and 

may be converted to NO with efficiencies that range from <2% 
2.1. Site Location 

to -lOO%, depending on conditions [Fahey et al., 1985: The measurements took place in Hendersonville, 
Kliner et al., 19971. This presents very little interference to Tennessee, which is a suburb 20 km to the northeast of 
ground-based measurements where NO? levels are in the low Nashville. There were a number of strong local sources of NOX, 
ppbv range, but may be as much as 100% interference in the including heavily traveled highways, coal-fired power plants, 
middle to upper troposphere. Thus in order to assess the and the outflow of pollution from the Nashville metropolitan 
confidence that can be placed in NOY measurement data, critical arca. An additional, unexpected, source of pollution during 
evaluation of these measurement methods is necessary. this experiment was a biomass burning operation that was 
Extensive laboratory studies of the utility of the Au tube located -1 km to the south and east of the site. Burning was 
converter have been carried out by Fu!rey et al. [ 19851 and by conducted during the entire summer to remove dead trees and 
Kher et al. [1997], although results from the latter study can other vegetation resulting from severe ice storms the previous 
not readitv be aDDlied to ground-based studies such as reDorted L L winter and spring. There were also very strong regional 
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sources of pollutants from coal-fired power plants 20 km to the 

east (Gallatin, Tennessee) and 100-120 km to the west and 

north (Johnsonville, Tennessee; Cumberland, Tennessee; 

Paradise, Kentucky). Because the nearby sources were so 

significant, during much of the measurement period a large 
fraction of NOY was in the form of NOX which did not provide a 
stringent test of the NO? converters. On the other hand, the 

many local emission sources were expected to challenge the 
ability of the converters to remain effective in an urban 

environment for the four to six week duration of the study. 

Since this site had already been chosen as the principal 
ground-based measurement site for the 1995 study, it was 

necessary that the intercomparison take place there. 

The site proper was a large open field in a rural residential 

area west of Hendersonville. The field was surrounded on all 

sides by tall (15-20 m) trees, but the open area was large 

enough that the cluster of research trailers and vans was well 
away (>I00 m) from any nearby canopy. The field was used by 

the owner for growing grass which was periodically mowed. In 

addition, there was a small barn and small field nearby where 

the owner maintained 5-10 head of cattle. Since this was 

considered a significant source of ammonia, which can be an 
interference in the NOy measurement, testing for this 

compound was included in the intercomparison protocols. 

There also was a lightly-traveled two-lane road due west of the 

site and a small number of residences nearby. 
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Figure 1. Plan view of the mobile research facilities and 

sampling towers used during this study. There were four 

trailers (GIT; ESEiTVA; NOAA; NOAA) and one motor home 

(BNL). The heavy solid squares show the locations of the NOy 

inlet systems that were placed on scaffold towers used during 

the measurements. 

2.2. Site Meteorology 

The prevailing surface wind direction during the 

measurement period was generally southwest and brought air 

from the Nashville metropolitan area. Indeed examination of 

outflow air from Nashville was one reason that this site was 
chosen for the 1995 SOS intensive study. These air parcels 

were typically laden with pollution from automobile exhaust 

emissions which contain high levels of CO and NOX. In 
contrast, winds from the east and northeast brought air masses 

rich in coal-fired power plant emissions which contain high 
levels of SO2 and NOX. Additionally, wind from the east and 
southeast caused an increase in visible smoke at the site which 
came from the nearby city landfill where dead vegetation was 

being burned. In a few instances large amounts of airborne ash 

were observed from the tops of the sampling towers. There 
were only one or two periods during the measurements when 

the wind was from the northwest. Air from this sector provided 

the lowest levels of trace species that were measured during the 

campaign, although significant sources of NOX (Paradise and 
Cumberland power plants) are present at about 100-150 km in 

that direction. 
The maximum temperature recorded was 33°C with an 

average of 26’C. Dew point temperatures were typically in the 
low to mid 20°C range, and the relative humidity averaged 

around 80%. A good deal of precipitation fell during the 

measurements, mostly as a result of thunderstorm activity. 

During June frontal passages from the northwest were the 

principal weather influences. During early July, tropical storm 
Albert0 moved onshore from the Gulf of Mexico into Georgia, 

and by the middle of July a stationary front had set up just to 
the north of Nashville. These factors resulted in high relative 

humidity, increased cloudiness, and almost daily rainfall at the 
site. 

2.3. Site Layout 

The different laboratories participating in the instrument 
intercomparison provided their own mobile facilities (total of 

four trailers and one recreational vehicle) for housing the 
instrumentation. Two groups shared one trailer, and there was 

a separate trailer that housed the additional measurements 
necessary for the experiment. In order to locate the sampling 

inlets close together to avoid possible biases due to sampling 

different air parcels, the mobile laboratories were parked in the 

arrangement shown in Figure 1. However, due to other 

considerations of access to outside trailer panels, walkways 

between trailers, sampling line lengths, and the need to 

provide sufficient room for the sampling towers (see below), 

the location of the sampling inlets was not as close together 

as initially hoped. In retrospect, this did not appear to bias 

the NO>, data. 
Sampling towers were built of standard construction 

scaffolding where the uppermost common platform height was 

approximately 8 m above ground. This was a reasonable 

compromise between the height required to reduce effects from 

the local tree canopy (i.e., sampling the undisturbed 

atmospheric air flow) and the safety considerations of 
personnel climbing the structures. The NOY sampling inlets 

were then mounted to these towers at a common height of 9 m 
above ground level. The locations of the different inlets are 

shown in Figure 1. Although the company providing the 
scaffolding was asked to supply the cleanest equipment 

possible (i.e., free of oils, greases, and other construction 
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materials), the materials provided had all been freshly painted. 

The paint odor was noticeable for several days. 

2.4. NOY Instrumentation 

Five different laboratories were involved in the experiment. 

Each of the groups provided all the necessary equipment and 

instrumentation that they would normally use for field 
measurements, including the inlet systems normally used. 
Personnel from the Aeronomy Laboratory were given the 

responsibility of designing and organizing the experiment and 

acted as coordinators for the ambient sampling and spike tests. 
2.4.1. Brookhaven National Lahoratory 

(BNL). The BNL three-channel research-grade instrument was 

designed for aircraft deployment but was used for this ground- 
based experiment after some minor changes were made to the 

instrument configuration (see Figure 2). The protocol for 
instrument operation was similar to that used previously 

[Kleinmun et ul., 19951. Chemiluminescence via reaction with 

03 was used for the selective determination of NO after 

conversion of NO! to NO using a hot metal catalyst. The NOY 

converter was a Pyrex tube (2.5 cm OD x IO cm) loose1 
ly packed with -15 g of molybdenum screen (40 x 40 wires cm- ) 

and heated to 35O’C at ambient pressure. A 6O+tm, stainless- 

steel frit downstream of the converter prevented contamination 
of the mass flow controller. An unheated PFA Teflon tube (-30 

cm from tip to heated MO) was the common inlet for the three 
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Figure 2. Schematic diagram of the BNL NO, NOX, and NO) 

inlet housing. 

instrument channels. This tube was longer than usual to 
accommodate standard additions during the intercomparison. 

The total flow through this inlet was 3 L min -’ (at STP, 

standard liters per minute (slpm)). The NOY converter was 

located in a small shaded container at the top of the sampling 

scaffold along with the mass flow controllers for all three 

channels. Routine standard additions in ambient air, periodic 

calibrations in zero air, and intercomparison standard 

additions were all done at the common instrument inlet. The 

multiple tubes connecting the three channels and calibration 

valves with the analyzer located in the mobile laboratory 
below were routed through an opaque outer sleeve with an 

exhaust fan at the bottom to pull ambient cooling air over the 

lines. 

The basic converter design used in this instrument has been 

tested for conversion efficiency with NO2, HNO3, NH3, 

hydrogen cyanide (HCN), organic nitriles (RCN), and organic 
nitrates [Nurmermucker, 19901. The converter used here had 

been changed slightly in that the Pyrex tube was now centered 

within an outer ceramic sleeve which was wound with heating 
wire rather than directly wrapped onto the tube itself. The 

thermocouple sensor was cemented to the surface of the Pyrex 
tube. This configuration provided for more even heating of the 

converter and eliminated “hot spots” which cause the 

molybdenum to slowly decompose. When required due to lost 

efficiency, the standard operating procedure for this instrument 

provides for converter bakeout under nitrogen at 450 - 5OO’C. 

No conversion efficiency degradation was observed during this 

program (efficiency for NO* was consistently 98?1 %), even 
with the large burden of smoke and soot periodically 

encountered, thus bakeout was not required. 
Photon counting was used to acquire the signal. Instrument 

zeros were performed by diverting the sample flow through a I- 

L mixing vessel (prereactor) in the 03 line every 4 hours for 5 

min. Linear interpolation was used between the zeros (with a 
typical magnitude of 120 Hz) to calculate the net ambient 

signal. A standard addition of NO was applied every 2 hours 

for 5 min. The measured instrument response was also verified 

periodically by multi-point calibrations in zero air. The 

sensitivity to NO was -0.4 Hz pptv-’ which yields a 

theoretical detection limit for NO of -50 pptv for a l-s 

integration time at signal to noise ratio (S/N) of 2. In practice 

the detection limit was compromised by drift in the 
background zero. A standard addition of NO2 was also applied 

every 2 hours for 5 min to verify the conversion efficiency of 
the MO converter. In each case, the average of the last 3 min 

of each mode was used as the level for that period. For standard 

additions, the averages of the ambient measurements 3 min 
before and after the standard addition were used. During 

calibrations in zero air a signal in the NOY channel (i.e., 

artifact) was noted and calculated as the response for zero air 
above the pre-reactor zero. This was typically less than 300 

pptv. Because the artifact changed with each cylinder of zero 
air, it was judged to be primarily an unknown contaminant and 

was neglected in ambient measurements. For this ground- 

based operation, data were recorded at 15s resolution and l- 

min averages were used for data processing. We estimate the 

uncertainty of this NOJ measurement to be the greater of *lo% 
or +50 pptv for the 1-min data. The factor of IO% appears due 

to diurnal changes in water vapor concentration. 

2.4.2. Environmental Science and Engineering 

(ESE). NO? was measured via conversion to NO with a 

commercially available converter consisting of MO metal 
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Figure 3, Schematic diagram of the ESE Oj, NO, and NOY 

inlet. MFC, mass flow controller. 

mesh heated in a stainless steel housing. The resulting NO was 2.4.3. Georgia Institute of Technology (GIT). 

determined via NO-03 chemiluminescence with a modified The measurement of NOY was made by the conversion of NO? to 

commercial NO-NO*-NOI monitor (model 42s; Therm0 NO with custom built MOO converters. The NO produced by 

Environmental Instruments, Inc. (TEII), Franklin, the conversion process was subsequently measured by a TEJJ 

Massachusetts). The instrument inlet design is shown in model 42s NO-NO1 chemiluminescence instrument. The 

Figure 3. The converter was temperature-controlled at 375 & instrument inlet design, shown in Figure 4, accommodated 

3“C and housed inside an inverted aluminum bonnet with a three sample inlets: two were used for NO? measurements and 

bottom plate for mounting to the sampling tower (-9 m). A the third was used for the measurement of NO. Two different 

stainless steel converter inlet tube (0.6 cm OD x 7.5 cm) MOO converters were used during the study. The first converter 

protruded through the plate only far enough for a Teflon tee to was a 1.2 cm OD MOO tube with a wall thickness of 0.15 cm. 

be attached for introduction of calibration gases. Separate The second converter was a 1.2 cm OD quartz tube filled with 

inlets for an 03 analyzer and the NO channel of the TEII 42s MOO shavings. Both tubes were 30.5 cm in length and each 

also protruded from the bonnet. Both inlets were connected to tube was placed in a commercially available oven (Mode1 2- 

47 mm Teflon filter packs which were located >I5 cm from the 3802, Supelco, Inc.) that was controlled at a constant 390°C 

NO? inlet to reduce local surface losses of HNOj. Another filter by separate temperature controllers (Model CN76000, Omega 

was place in the NOY sample line downstream of the converter Engineering). For this study, data are reported only from the 

to protect the analyzer from MOO dust. The instrument was MOO tube converter, to which an unheated inlet line (-60 cm X 

plumbed to provide constant (-3.5 L min-‘) flow rates through 0.6 cm OD PFA Teflon tube) was connected. Sample flow was 

both the NO and the NOY inlets. The TEII 42s instrument controlled at I.0 slpm. The three inlets were connected to a 

collected and stored in memory three different signals by six-port multi-position valve (4 inlets, 2 outlets; Model 

sampling at IO-s intervals from (1) a prereactor cell, (2) the SC4P, Valco Instruments Co.). This valve allowed sampling 

NO inlet, and (3) the NO! inlet with the MO converter. When from one port while all other ports were common-connected to 

sampling through the prereactor cell, the instrument measured a purge pump which provided continuous air flow through all 

a background signal (0.3 - 0.8 ppbv equivalent NO; mostly nonsampling inlets. The valve timing was controlled via TTL 

dark current from the phototube) which was subtracted from the outputs from a data acquisition/control computer running a 

NO and NOY signals. The net NO and NOY signals were then commercially available software package (Labtech Notebook 

output to a data logger. As a result, the 1 min average data Pro, Laboratory Technologies Corp.) The timing loop 

values were actually the average of two 10 s periods separated consisted of 5 min sample times for each of the measured 

by 20 s within each minute. The data logger also controlled all species, NO!l, NO?2 and NO. The internal TEII instrument 

the automated calibration sequences during the study. timing cycle for calculating background values alternated 

Conversion efficiency of the MO converter was checked 

daily via addition of an ESE-provided NPN standard gas 

(calibrated before and after the study) into the NOY inlet and 
was found constant at 80-85%. Thus there was no significant 
degradation in conversion efficiency during this study. 

Periodic (every 8 hours) standard additions of NO were used 

to calibrate the NO and NOY channels during the 

intercomparison, and calibration curves were determined at the 

beginning and end of the study via gas replacement to confirm 

instrument linearity across the sampling range. For the 
standard addition calibrations, the ratio of the instrument 

output (directly in ppbv) to the calculated mixing ratio of the 

added standard (in ppbv) was used as the response factor of the 
instrument. The instrument response to the standard was 

determined by taking the difference between the 5-mm average 

during the calibration and a 5-min average either immediately 

before or after the calibration. This approach reduced the effect 

of the highly variable atmospheric NO! concentrations on the 

precision of the calibration results. All raw data values were 

subsequently divided by the overall averaged response factor. 

The NOY-channel response of the instrument remained virtually 

constant throughout the six week study at 85% with relative 
standard deviation (RSD) of 9.0%. The NO-channel response 

was, on average, about 5% lower than the NOY-channel 

response (RSD of 4.6%), which agrees well with the 
theoretical homogeneous loss of NO from 03 titration in the 

sample line. The NO-channel RSD is an indication of the 

precision of the NO-O3 chemiluminescence detection of NO 

while the NO -channel y precision combines the uncertainty of 

the NO detectton with uncertainties introduced by the presence 

of the MO converter (i.e., larger and more variable NOY 

background). Total uncertainty for the NOY measurement is 

estimated at &20% for accuracy and ?~20% for precision. 
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F i g u r e  4 .  S c h e m a t i c  d i a g r a m  o f  t h e  G I T  N O  a n d  N O Y  i n l e t .  
M F C ,  m a s s  f l o w  c o n t r o l l e r .  

e v e r y  1 0  s  b e t w e e n  s a m p l e  a n d  b a c k g r o u n d  m o d e s .  N o  

m o d i f i c a t i o n s  w e r e  m a d e  t o  t h i s  t i m i n g  c y c l e .  A n a l o g  o u t p u t  

f r o m  t h e  T E I I  w a s  s a m p l e d  a t  1  H z  a n d  t h e  a v e r a g e  o f  I O  

s a m p l e s  w a s  t h e n  s a v e d .  C a l i b r a t i o n  a n d  N O ?  c o n v e r s i o n  

f a c t o r s  w e r e  a p p l i e d  t o  t h e  d a t a  a n d  1  m i n  a v e r a g e s  w e r e  m a d e  

o f  t h e  f i n a l  d a t a .  

C a l i b r a t i o n s  w e r e  r o u t i n e l y  c o n d u c t e d  w i t h  c a l i b r a t i o n  

g a s e s  o f  N O  i n  N z  a n d  N O 2  i n  N z ,  ( S c o t t  S p e c i a l t y  G a s e s ) .  T h e  
g a s e s  w e r e  d y n a m i c a l l y  d i l u t e d  w i t h  z e r o  a i r  t o  t h e  p r o p e r  

c o n c e n t r a t i o n .  T w o  d i f f e r e n t  t y p e s  o f  c a l i b r a t i o n  m e t h o d s  
w e r e  u s e d .  T h e  f i r s t  w a s  g a s  s u b s t i t u t i o n ,  w h e r e  a n  e x c e s s  

a m o u n t  o f  k n o w n  c a l i b r a t i o n  g a s  w a s  s e n t  t o  t h e  c o n v e r t e r s .  

T h i s  t y p e  o f  c a l i b r a t i o n  w a s  c o n d u c t e d  a p p r o x i m a t e l y  e v e r y  

t h r e e  d a y s .  T h e  s e c o n d  m e t h o d  w a s  t h e  s t a n d a r d  a d d i t i o n ,  
w h e r e  a  s m a l l  a m o u n t  o f  k n o w n  c a l i b r a t i o n  g a s  w a s  a d d e d  t o  

t h e  i n l e t  s t r e a m .  T h e  s t a n d a r d  a d d i t i o n s  w e r e  u s e d  t o  v a l i d a t e  

c o r r e c t i o n s  m a d e  t o  t h e  g a s  s u b s t i t u t i o n  c a l i b r a t i o n s  t o  
a c c o u n t  f o r  t h e  l a c k  o f  w a t e r  v a p o r  i n  t h e  c a l i b r a t i o n .  T h e  

s t a n d a r d  a d d i t i o n s  w e r e  a l t e r n a t e d  w i t h  t h e  g a s  s u b s t i t u t i o n  
c a l i b r a t i o n s .  B a s e d  o n  t h e  c a l i b r a t i o n s  c o n d u c t e d  d u r i n g  t h e  
s t u d y ,  t h e  N O T  c o n v e r s i o n  e f f i c i e n c y  w a s  c o n s t a n t  o v e r  t h e  

c o u r s e  o f  t h e  s t u d y  a t  a p p r o x i m a t e l y  9 0 - 9 5 % .  U n c e r t a i n t y  f o r  

t h e  N O ?  m e a s u r e m e n t  i s  e s t i m a t e d  a t  & 2 5 %  f o r  a c c u r a c y  a n d  

* 2 5 %  f o r  p r e c i s i o n .  
2 . 4 . 4 .  A e r o n o m y  L a b o r a t o r y  ( N O A A l ;  

N O A A 2 ) .  N O ?  w a s  c o n v e r t e d  t o  N O  w i t h  a  t u b e  o f  p u r e  A u  
( 0 . 6  c m  O D  X  3 0  c m )  h e a t e d  t o  3 0 0 ° C  i n  t h e  p r e s e n c e  o f  e i t h e r  

C O  o r  H z .  T h e  r e s u l t i n g  N O  w a s  m e a s u r e d  w i t h  a  c u s t o m - b u i l t  
N O - 0 3  c h e m i l u m i n e s c e n c e  i n s t r u m e n t .  T h e  i n l e t  s y s t e m  f o r  

t h i s  i n s t r u m e n t  i s  s h o w n  i n  F i g u r e  5 .  T w o  A u  t u b e  c o n v e r t e r s  

w e r e  c o n n e c t e d  t o  t h e  s a m e  c h e m i l u m i n e s c e n c e  i n s t r u m e n t  v i a  

v a l v e s .  E a c h  c o n v e r t e r  w a s  a  s t a n d - a l o n e  u n i t  w i t h  s e p a r a t e  
c a l i b r a t i o n  g a s  i n l e t s ,  C O  o r  H z  g a s  i n l e t s ,  a n d  h e a t i n g  

c o n t r o l s .  T h e  f l o w  o f  p u r e  r e d u c t a n t  g a s  w a s  0 . 3 %  o f  t h e  t o t a l  
f l o w  ( 1  s l p m )  t h r o u g h  e a c h  c h a n n e l .  O n e  c h a n n e l  ( N O A A 2 )  

u s e d  C O  t h r o u g h o u t  t h e  s t u d y .  T h e  o t h e r  c h a n n e l  ( N O A A l )  

i n i t i a l l y  u s e d  C O  b u t  a b o u t  m i d w a y  t h r o u g h  t h e  s t u d y  w a s  

s w i t c h e d  t o  H z  t o  e v a l u a t e  u n d e r  f i e l d  c o n d i t i o n s  t h e  N O Y  
c o n v e r s i o n  e f f i c i e n c y  o f  t h i s  l e s s  t o x i c  g a s .  W i t h  H 2  t h e  

b a c k g r o u n d  l e v e l s  w e r e  l o w e r  b y  a b o u t  1 0 %  a n d  t h e  

c o n v e r s i o n  o f  N H 3  w a s  h i g h e r  b y  a b o u t  8 % .  N o  o t h e r  

d i f f e r e n c e s  w e r e  f o u n d .  T h e  l o w e r  b a c k g r o u n d  l e v e l  w i t h  H Z  

o v e r  C O  m a y  b e  d u e  t o  c h e m i l u m i n e s c e n c e  o f  m e t a l  c a r b o n y l  

s p e c i e s  i n  C O  o r  m i g h t  b e  d u e  t o  i n c r e a s e d  H z 0  e x i t i n g  t h e  
c o n v e r t e r ,  a s  r e p o r t e d  b y  K l i n e r  e t  u l .  [ 1 9 9 7 1 .  T h e  p r i n c i p a l  

c a l i b r a t i o n  g a s  u s e d  w a s  N O *  t h a t  w a s  d e r i v e d  f r o m  g a s - p h a s e  

t i t r a t i o n  o f  t h e  p r i m a r y  N O  s t a n d a r d  ( S c o t t - M a r r i n ,  I n c . )  w i t h  

0 3  p r o d u c e d  v i a  a  H g  p e n r a y  l a m p .  T h e  c o n v e r t e r s  w e r e  
n o r m a l l y  m a i n t a i n e d  a t  a  t e m p e r a t u r e  o f  3 O O ’ C .  

C o n v e r s i o n  e f f i c i e n c y  w a s  c h e c k e d  p e r i o d i c a l l y  w i t h  N O * .  

H o w e v e r ,  s i n c e  N O *  i s  r e l a t i v e l y  e a s i l y  c o n v e r t e d  t o  N O  t h e  

c o n v e r t e r s  w e r e  a l s o  e v a l u a t e d  w i t h  H N O 3  a n d  N P N .  T h e s e  

t e s t s  w e r e  g e n e r a l l y  p e r f o r m e d  i n  z e r o  a i r  d u e  t o  t h e  l a r g e  a n d  

A U X .  

P U M P  

N O - O S  

I N S T R .  

M F C  M F C  M F C  M F C  

-I 

- 

M F C  M F C  

-I- l- 

I n l e t  B o x :  m o u n t e d  

a t  t o p  o f  t o w e r  

F i g u r e  5 .  S c h e m a t i c  d i a g r a m  o f  t h e  N O A A  N O Y  i n l e t .  T h e  O 3  

g e n e r a t o r  h o u s e s  a  H g  p e n r a y  l a m p  t h a t  p r o d u c e s  s u f f i c i e n t  O j  
t o  a l m o s t  c o m p l e t e l y  t i t r a t e  t h e  N O  c a l i b r a t i o n  g a s  t o  N 0 2 .  

S i m u l t a n e o u s l y  s w i t c h e d  t h r e e - w a y  v a l v e s  r o u t e  t h e  s a m p l e  
f l o w  ( h e a v y  l i n e )  f r o m  e i t h e r  A u  c o n v e r t e r  t o  t h e  c h e m i l u m i -  

n e s c e n c e  i n s t r u m e n t  v i a  a  m a s s  f l o w  c o n t r o l l e r  ( M F C ) .  
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variable ambient NOY levels. Conversion efficiency was 

determined by the ratio of the NO? signal with the converter at 

3OO’C to that obtained with the converter at 55O’C. Tests for 

conversion of NH3 in zero air were also performed. When any 
of these tests indicated that a converter was not operating 

correctly, that tube was heated to 55O’C for 1-2 hours. This 

procedure usually was sufficient to restore near-unity (>95%) 
conversion. On two occasions during the study the Au tube 

designated NOAA2 required more rigorous cleaning. This was 
accomplished with a 6 M HCl wash using a stiff bristled brush 

followed by numerous washes with distilled deionized water. 

The cleanliness of the converters was periodically evaluated by 

measurement of NOY in zero air, which was assumed to contain 

little or no NOY. These so-called artifact levels were always 
small (-2 to 30 pptv) and were neglected. 

Photon counting was used to acquire the signal from the 

photomultiplier tube. Instrument sensitivity was determined 
every 5 hours with 8 min periods of NO2 standard additions for 

each converter. instrument background levels were determined 
every 5 hours over 8 min periods. NOY mixing ratios were 

calculated by subtraction of the background signal from the 

ambient NO! signal level and dividing by the sensitivity. For 

this calculation, linear interpolation between averaged 

sensitivity determinations and between averaged background 

measurements was performed. This procedure was necessary 
because the instrument performance can vary with 

environmental changes. For example, changes in atmospheric 

water vapor levels can directly affect the instrument 
sensitivity because water is an efficient quenching agent of the 

electronically excited NO2 molecule that produces the 

chemiluminescence [Kley and McFarlund, 19801. The 
sensitivity values did show variability (RSD = 7%), but this 

was also due to the difficulty in determining the sensitivity 

with rapid changes in ambient NOY during calibration periods. 
No attempt was made to isolate variations due to 

environmental factors from those due to data reduction. The 

result was an increase in uncertainty of the NO), data. 

The average instrument NO sensitivity was 1.9 Hz pptv-‘, 

and the average background level was 290 Hz. Thus for 1 s 
integration and S/N=2 this instrument had a detection limit of 

less than 20 pptv (as NO). Precision was estimated from the 

RSD of a series of NOY measurements during periods of 
constant atmospheric conditions (i.e., constant mixing 

ratios). Four such periods were examined for each of the 
separate gold tubes, and the maximum RSD Ieve found was 

&3%. Accuracy is more difficult to assess for this 

measurement. If the NO? converter is operating optimally 

(i.e., near-loo% conversion of all NOY species to NO with no 

losses, artifacts, or interferences), then the accuracy for NOJ is 

similar to that for the determination of NO. In that case, the 

inaccuracy due to uncertainties in (1) mass flow controllers, (2) 

the primary NO standard, and (3) the variability of the 
background and sensitivity levels, via propagation of errors 

calculation, is calculated to be *9%. However, there is 

uncertainty in the conversion efficiency for the different NOY 
(and non-NOY) species as well as potential losses in the inlet, 

all of which we estimate to contribute *15%. Thus the total 

estimated RMS uncertainty for the NOAA NOY data is &18%. 

2.4.5. Tennessee Valley Authority (TVAG; 
TVAM). Two separate instruments measured NOY via the 
conversion of NO! to NO with heated metal catalysts. The 

resultant NO was measured via NO-O3 chemiluminescence in 
separate TEII 42s NO-NOX analyzers that were operated on the 

l/Y Brass Rod L 

I /4” Gold Tube 

S upelco Oven 

1lY - Y4’S.S. 
--. Reducing Union 

(1/4” Bore) L! 

KY’ - 114’S.S. 

Reducing 
Bulkhead Union 

l/l@’ 

Aluminum 

Housing 

CO Reagent \ 
114” PFA Tee 

Cal Gas Add :=$J/ 

NEMA Housing 

l/F’ S.S. Union 

B - TEII 42 

Oven 

114” PFA Tee 

Figure 6. (a) Schematic diagram of the TVAG NOY inlet. (b) 
Schematic diagram of the TVAM NOY inlet. 

IO0 ppbv range. The configuration of one system (TVAG) is 

shown in Figure 6a. A 0.6 cm OD Au tube was placed inside a 
1.2 cm OD brass rod which was drilled just large enough to 

allow insertion of the Au tube. The brass rod was positioned 

inside a heating oven which was placed inside an aluminum 

housing. The temperature of the oven was controlled at 32O’C. 

A 6.4 cm by 0.6 cm OD PFA Teflon tube connected the sample 

inlet line to the Au tube via a stainless steel reducing fitting 

which was bored out to allow the Teflon line to be butted 

against the Au tube. The sample inlet line consisted of two 

PFA Teflon tees connected to each other via 0.6 cm OD PFA 

Teflon tubing. The outside tee was for calibration gas addition 

to the sample line while the inner tee was used to add CO at 

about 30 seem. The total length of the sample inlet line was 
about 10 cm. The second system (TVAM) configuration is 

shown in Figure 6b. The MOO mesh converter and oven 

assembly was removed from a TEII 42s and placed into a 
weatherproof (NEMA) housing. The thermocouple and power 

cables were extended to allow the 42s analyzer to control the 
oven temperature at 34O’C. The calibration gas addition was 

conducted through a PFA 0.6 cm tee that connected the 

converter cartridge tubing to a -5 cm long Teflon tube to 

extend beyond the NEMA housing. 

Both systems were calibrated using NO calibration gas 

obtained from Scott Specialty Gases (EPA Protocol gas; 

Plumsteadville, Pennsylvania), and diluted with processed 
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ambient air produced from a TEII Model 111 clean air system. 

This clean air was also used to determine the instrument 

background levels. Both NOY systems were calibrated with the 
NO calibration gas in a synthetic clean air matrix to check for 

linearity at the lower measurement levels. The converter 

efficiencies for both systems were checked using NO* produced 
from the gas-phase titration of NO with 03 within a TEII Model 

146 gas calibration system. 

The data reduction process first involved the subtraction of 
the system zero reading which was obtained from the average 

of the clean air additions to the sample inlet lines. The system 

sensitivities, which were measured every I2 hours using NO 

calibration gas, were also averaged over the entire study period 

(providing no significant change was evident) and applied to 

their respective measurement systems. The system 
sensitivities were determined via the addition of the standard 

NO calibration gas to the ambient air sample. Since the signal 

difference depends on the subtraction of the ambient air signal, 
the system sensitivities determined during periods of rapidly 

changing NOJ levels were eliminated from the averaging 

calculations. The fluctuations in the remaining system 
sensitivity determinations are partially due to the changing 
ambient NO! levels during the gas addition periods and also due 

to changing sample line matrix effects. For these analyzers 

under the field conditions described here the NO detection limit 

is estimated to be 0.3 ppbv for I min samples. Precision and 

accuracy are controIled by the efficiency of the converter to 
convert all NO! species to NO with no Iosses or artifacts and 

the uncertainty of line losses under different atmospheric 

conditions. The precision is influenced principally by the 
sensitivity fluctuations and is estimated to be *20%; accuracy 
is estimated to be &30%. Finally, we note here that the TVA 

data have been revised since they were first submitted. After 
the first round of analyses several of the plots comparing the 

NOY data indicated a probable error in the data reduction 
routine. The error was found and the data were resubmitted after 

revision. 

2.5. Additiona Measurements 

Separate NOJ species measurements were conducted by the 

NOAA group. NO and NO2 were measured by 

chemiluminescence and photolysis/chemiluminescence with 
total uncertainties estimated at ?(19% + 17 pptv) and *(22% 

+28 pptv), respectively [ Williums et d.,l997]. Peroxyacyl 
nitric anhydrides (PAN, peroxypropionyl nitric anhydride, 

PPN, and peroxymethacrylic nitric anhydride, MPAN) were 

determined via gas chromatography with total uncertainties 

estimated at *21% for PAN and 530% for PPN and MPAN 

[Wilbns et al., 19971. HNOJ, particulate NO$ and particulate 

NH$ and SOi were determined with Teflon/Nylon filter pack 

sampling and ion chromatography analysis. Total method 
uncertainties for these species are estimated at 521% [ Williums 

et al., 19971. NH3 was measured via citric acid denuder/ion 

chromatography and 03, CO, and SO2, were measured with 

commercial instruments. Surface meteorological data (9 m) 
were taken, and data on boundary layer winds were collected 

with a 915 MHz radar profiler. Daily samples of ambient air at 
this site were taken with stainless steel canisters and analyzed 

for non-methane hydrocarbons by gas chromatography by a 

research group from the University of Miami. 

2.6. Measurement Protocols 

Two protocols were implemented for this study: ambient air 
sampling and spiking tests. Ambient air was sampled 

continuously from the normal instrument inlet systems with 

the inlets located as close together as possible and at a 
common sampling height (9 m above ground). This was 

deemed most likely to reflect the actual sampling conditions 

encountered in field measurements and give the most realistic 
assessment of the differences, if any, among the instruments 

and their associated inlets. 
The NO? instruments also were periodically challenged with 

samples provided from sources of NO (gas cylinder), NO* 
(titrated NO from gas cylinder), HNOj (permeation tube in self- 

contained temperature, pressure, and flow controlled source), 

NPN (gas cylinder), and NH3 (gas cylinder). The NO, NO2, and 
NPN sources were calibrated by the NOAA NOI and NOY 

instruments (the NPN was determined with an Au converter at 
55O’C in zero air), and the HNO3 and NH3 sources were 

calibrated by bubbling the gas through water-filled impingers 

followed by analysis of the solution with an ion 
chromatograph. The spike test samples were introduced 

directly into the instrument inlets via separate 0.3 cm OD PFA 

Teflon tubes as low flow (10 seem) standard additions to the 

ambient air sample. Large and changing background 
concentrations were a common occurrence during the study and 

introduced imprecision into the tests. Also, the BNL and ESE 

sample inlet flows were larger (-X3) than the other inlet flows 
which meant that the actual levels delivered to those systems 

during the spike tests were lower by the same factor. By 

necessity, then, the spike tests were administered during 
periods when the NOY mixing ratios appeared to be stabIe and 

at lower levels. This complicates the generalization of 

instrument performance at high NO! levels from the spike 

tests. 

3. Results 

During the early part of the study the NOAA group evaluated 

the separate low ppmv NO in N2 gas standards that the 

participants used to determine NOY levels. The results 

indicated that the two NOAA tanks were about 3.5% lower in 

NO mixing ratio relative to the other four. Since the 

differences were smal1, no corrections were made to the data. 

3.1. Overall Comparisons 

Table 1 provides an overview of the total 1-min averaged 
data sets provided by each investigator. The great number of 

data points combined with a large degree of overlap during 

sampling provided the opportunity to use only coincident data 

points for this analysis. A summary of this reduced data set of 
I174 common I-min data is shown in Table 2. Since the 

NOAA1 and NOAA2 gold tubes were connected to the same 

Table 1. Summary of All NOY Data 

Laboratory Total Points Data Period 

BNL 

ESE 

GlT 

NOAA1 
NOAA2 

TVAG 
TVAM 

25613 June 16 to July 15 

29562 June 21 to July 15 
6641 July 1 to July 16 

14958 June 22 to July 19 

14329 June 22 to July 19 
23275 June 25 to July 15 

27202 June 23 to July 15 
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Table 3. Weighted Linear Least Squares Fitting Coefficients for Combinations of NOy Data 

BNL ESE GIT NOAA1 NOAA2 TVAG 

ESE 0.93kO.02 
0.01~0.13 

GIT 0.66~0.01 0.73kO.02 
-0.16kO. 11 -0.18zkO.14 

NOAA1 0.88~0.01 0.98kO.02 1.3.5z!zo.o3 

-0.42kO.08 -0.57~0.13 -0.34kO.15 

NOAA2 0.91~0.01 0.98kO.02 1.36kO.03 1.01~0.02 
-0.3OkO.08 -0.3 lkO.14 0.1 lzkO.16 0.23kO.09 

TVAG 0.84kO.02 0.9 lkO.02 1.24kO.04 0.9lkO.02 0.93kO.02 
0.11~0.15 O.llkO.18 0.36zkO.19 0.7lkO.15 0.4kko.15 

TVAM 0.86kO.02 0.93kO.03 1.27kO.04 0.94kO.02 0.94kO.02 1.02kO.03 
0.23kO.15 0.25kO. 18 0.5OkO.19 0.82kO.15 0.55~0.15 0.14zkO.21 

Number of points equal to 1174. For the fit, the x” coordinate data are those shown across the top of the 

table. The upper value in each cell is the slope, and the lower value is the intercept in ppbv. Uncertainties are 

standard errors. 

uncertainty of each data point. The resulting linear least 

squares fitting coefficients (slopes and intercepts and 
uncertainties of the fitted lines) are shown in Table 3. The 

squared correlation coefficient for any combination of data sets 

is 0.9 or greater. The column of data labeled ESE in this table 

correspond to the plots in Figure 7. Most of the slopes are in 

the range 0.85 to 0.95, except for comparisons with the GIT 
data for which the slopes are in the range 0.65 to 0.78. Thus 

while the majority of the data show good overall consistency, 

there appears to be a systematic difference between the GIT 
data and the rest of the data sets. The intercepts span the range 

from -0.57 to 0.82 ppbv with the majority in the range kO.35 

ppbv. 

3.2. Spike Tests 

These tests (also called challenges) were additions of 

individual calibrated standards directIy into the NOY inIets 

while the instruments were measuring ambient air. Four NOY 

species and one non-NOY compound were tested. The results of 

these tests are reported as fraction of compound converted. 
Spike tests were administered sequentially to the inlets of each 

instrument, and the levels of the spike gases were of the same 
magnitude as the ambient NOT levels. Each round of 

challenges could take as much as 2 hours and during this time 

the ambient NOY could change significantly. The consequence 

was that the precision of the tests could be good (if ambient 

NOY was stable and low) or poor (variable and high ambient 
NO!). Because of higher inlet sample flow rates, some 

instruments (BNL and ESE) experienced greater dilution of the 

spike sample which made the spike tests somewhat more 

difficult than for those instruments with lower sample flows. 

Figure 8 and Table 4 show the results from the spike tests. In 

Figure 8 the tests are segregated by compound (Figures 8a-8d) 

and by date, shown on the abscissas. The symbols are results 

from individual tests, and the dashed line shows unit 
conversion. 

3.2.1. NOx spike tests. Figure 8a shows the results 

from the two tests with NO as the spike gas. While this is not 

a test of NO? conversion, it does provide an indication of the 

level of precision possible given the conditions it this site. 

Data from the test on July 29 clustered around the unit 
conversion line, but data from the second test showed more 

scatter. This was attributed to changing background levels. 

Results from four tests of NO* conversion are shown in 

Figure 8b. The data tended to cluster around the unit 

conversion line and exhibited a similar level of scatter to that 

seen in the NO tests. Since NO* is not a difficult compound for 
the NO! catalysts to convert, results from these two 

compounds (NO and N02) indicate the maximum level of 

agreement to be expected from spike tests administered during 
this experiment. Only a few data points were outside of +lO% 

from unity, and only two were outside of *20%. Thus there did 

not appear to be any systematic problems associated with any 

of the instruments when NOX was tested. 

3.2.2. NPN spike tests. Results from these tests are 

shown in Figure 8c. Considerably more data scatter is 

apparent for these tests than for NO or NOz. The BNL data fell 
mostly within *IO% of unit conversion, with the exception of 

one outlying point on July 4. The ESE data fell mostly within 

+20% of unit conversion, but had a tendency toward greater 
levels of NPN measured than those added. Both NOAA 

converters had 50-70% initial conversion, but exhibited 

increasingly higher conversion efficiency over time, up to 

90%. Only one data point was available from the GIT 

instrument which showed 75% conversion. Both TVAG and 

TVAM data indicated excellent recovery, although the TVAM 

data had somewhat more scatter than TVAG. 
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c o n v e r s i o n  f o r  t h e  T V A G  s y s t e m  w a s  s l i g h t l y  l o w e r  ( 7 5  t o  

1 0 0 % )  

3 . 2 . 4 .  N H 3  s p i k e  t e s t s .  C o n v e r s i o n  o f  t h i s  

c o m p o u n d  w a s  t e s t e d  b y  a d d i t i o n  o f  a  k n o w n  l a r g e  l e v e l  ( 3 5  

I  1 4  p p b v )  o f  N H 3  i n t o  t h e  i n l e t s  i n  a  m a n n e r  s i m i l a r  t o  t h e  

o t h e r  t e s t s ,  a l t h o u g h  n o t  a l l  o f  t h e  i n s t r u m e n t s  w e r e  i n v o l v e d  

i n  t h i s  t e s t .  T h e s e  r e s u l t s  a r e  a l s o  g i v e n  i n  f r a c t i o n  c o n v e r t e d ,  

w h i c h  w a s  c a l c u l a t e d  b y  d i v i d i n g  t h e  l e v e l  o f  N O  r e c o v e r e d  b y  

t h e  l e v e l  o f  N H 3  a d d e d  ( s e e  T a b l e  4 ) .  T h r e e  M O  c o n v e r t e r s  a n d  

t h r e e  A u  c o n v e r t e r s  w e r e  e v a l u a t e d  i n  t h e  f i r s t  t e s t  o n  J u l y  I O .  

T h e  l o w e s t  r e c o v e r y  w a s  r e p o r t e d  b y  t h e  B N L  a n d  T V A G  

i n s t r u m e n t s  w h i c h  e s s e n t i a l l y  h a d  n o  r e s p o n s e  t o  a d d e d  N H j .  

T h e  o t h e r  t w o  M O  c o n v e r t e r s  t e s t e d  ( E S E  a n d  T V A M )  b o t h  

s h o w e d  c o n v e r s i o n  a t  t h e  5 - 8 %  l e v e l .  T h e  N O A A 1  a n d  N O A A 2  
A u  c o n v e r t e r s  h a d  c o n v e r s i o n  e f f i c i e n c i e s  o f  1 2  a n d  4 % ,  

r e s p e c t i v e l y .  H o w e v e r ,  t h e s e  t e s t s  w e r e  c o n d u c t e d  a t  c o n v e r t e r  

t e m p e r a t u r e s  o f  5 O O ’ C  w h i c h  i s  h i g h e r  t h a n  t h e  n o r m a l  

t e m p e r a t u r e  o f  3 O O ’ C .  W h e n  t h e  t e s t s  w e r e  r e d o n e  o n  J u l y  1 1  
a t  t h e  l o w e r  t e m p e r a t u r e ,  t h e  c o n v e r s i o n s  w e r e  8  a n d  O % ,  

r c s p e c t i v c l y .  T h e  c o n s i s t e n t l y  h i g h e r  c o n v e r s i o n  f o r  N O A A 1  

m a y  b e  d u e  t o  t h e  u s e  o f  H Z  f o r  r e d u c t a n t  g a s  a s  o p p o s e d  t o  t h e  

n o r m a l l y  u s e d  C O ;  h o w e v e r ,  t h i s  w a s  n o t  c o n c l u s i v e l y  s h o w n  

a n d  f u r t h e r  t e s t i n g  i s  p l a n n e d .  A m b i e n t  l e v e l s  o f  N H 3  w e r e  
m e a s u r e d  d u r i n g  a  p o r t i o n  o f  t h e  e x p e r i m e n t  a n d  r a n g e d  f r o m  
0 ,  l - l  . 2  p p b v ,  t h u s  i t  w a s  n o t  a  s i g n i f i c a n t  i n t e r f e r e n c e  t o  t h e  

N O !  m e a s u r e m e n t s  a t  t h i s  s i t e .  

3 . 2 . 5 .  S p i k e  t e s t  s u m m a r y .  A  s u m m a r y  o f  a l l  o f  t h e  

s p i k e  t e s t s  b y  g r o u p  a n d  b y  c o m p o u n d  i s  p r e s e n t e d  i n  T a b l e  4 .  
T h e  r e s u l t s  a r e  s h o w n  a s  f r a c t i o n  o f  c o m p o u n d  c o n v e r t e d  a n d  

a r e  g i v e n  a s  t h e  m e a n ,  o n e  s t a n d a r d  d e v i a t i o n ,  a n d  t h e  n u m b e r  

o f  t e s t s  f o r  t h a t  i n s t r u m e n t / s p e c i e s  c o m b i n a t i o n .  O n  a v e r a g e ,  

t h e  B N L  i n s t r u m e n t  h a d  g o o d  c o n v e r s i o n  e f f i c i e n c y  f o r  a l l  o f  

t h e  N O X  s p e c i e s  e x c e p t  H N 0 3  a n d  h a d  n o  c o n v e r s i o n  o f  N H 3 .  

T h e  E S E  s y s t e m  a l s o  e x h i b i t e d  g o o d  o v e r a l l  c o n v e r s i o n ,  b u t  

w i t h  g r e a t e r  s c a t t e r ,  a n d  h a d  m o d e s t  c o n v e r s i o n  o f  N H j .  T h e  
G I T  d a t a  w e r e  c o n s i s t e n t l y  l o w  i n  c o n v e r s i o n  f o r  t h e  m o r e  

o x i d i z e d  N O Y  c o m p o u n d s .  T h e  t w o  N O A A  c o n v e r t e r s  e x h i b i t e d  

s i m i l a r  c o n v e r s i o n  e f f i c i e n c i e s  f o r  a i l  o f  t h e  t e s t e d  N O Y  

c o m p o u n d s  e x c e p t  N O ,  b u t  t h e y  h a d  l o w  c o n v e r s i o n  f o r  t h e  

m o r e  o x i d i z e d  N O !  c o m p o u n d s  ( N P N  a n d  H N O $ .  N O A A 1  
c o n v e r t e d  N H 3  b u t  N O A A 2  d i d  n o t  a t  3 O O ’ C .  T h e  t w o  T V A  

i n s t r u m e n t s  e x h i b i t e d  t h e  m o s t  c o n s i s t e n t  a n d  q u a n t i t a t i v e  

r e c o v e r i e s  o f  a l l  o f  t h e  s p i k e  c o m p o u n d s  t e s t e d .  T h e  T V A M  
s y s t e m  h a d  a  m o d e s t  d e g r e e  o f  N H 3  c o n v e r s i o n ,  b u t  T V A G  

s h o w e d  n o  c o n v e r s i o n .  

4 .  D i s c u s s i o n  

T h e N O !  d a t a  s e t s  w i l l  b e  d i s c u s s e d  w i t h  r e s p e c t  t o  ( I )  h o w  
t h e y  c o m p a r e  o n  a n  o v e r a l l  b a s i s ,  ( 2 )  h o w  w e l l  t h e  c o n v e r t e r s  
o p e r a t e d  d u r i n g  a  s p e c i f i c  e p i s o d e  w i t h  v a r y i n g  N O ?  

c o m p o s i t i o n ,  ( 3 )  t h e  c o m p a r i s o n  o f  s p i k e  d a t a  t o  t h a t  f o u n d  

f r o m  a m b i e n t  m e a s u r e m e n t s  a n d  ( 4 )  w h e t h e r  d i f f e r e n c e s  a r e  

e v i d e n t  b e t w e e n  A u  a n d  M O  c o n v e r t e r s .  

4 . 1 .  N o r m a l i z e d  D i f f e r e n c e  C o m p a r i s o n s  

T h e  s c a t t e r p l o t s  s h o w n  i n  F i g u r e  7  a n d  t h e  w e i g h t e d  l e a s t  

s q u a r e s  s l o p e s  a n d  i n t e r c e p t s  s h o w n  i n  T a b l e  3  i n d i c a t e  t h a t  

w i t h  t h e  e x c e p t i o n s  o f  t h e  G I T  a n d  N O A A 1  d a t a ,  t h e r e  a r e  o n l y  

s m a l l  d i f f e r e n c e s  a m o n g  t h e  N O J  d a t a  s e t s .  I n  o r d e r  t o  e x a m i n e  

t h e s e  d i f f e r e n c e s  i n  m o r e  d e t a i l ,  w e  d e f i n e  a  q u a n t i t y  c a l l e d  t h e  

n o r m a l i z e d  d i f f e r e n c e  ( N D )  w h i c h  i s  t h e  d i f f e r e n c e  b e t w e e n  a  

p a r t i c u l a r  m e a s u r e d  N O Y  d a t a  p o i n t  a n d  t h e  a v e r a g e  N O Y  a t  t h a t  

t i m e  d i v i d e d  b y  t h e  a v e r a g e .  F i v e  o f  t h e  N O Y  d a t a  s e t s  w e r e  

u s e d  t o  d e f i n e  t h e  a v e r a g e :  B N L ,  E S E ,  N O A A 2 ,  T V A G ,  a n d  

T V A M .  T h e  G I T  d a t a  w e r e  e x c l u d e d  b e c a u s e  o f  t h e  o b v i o u s  

s y s t e m a t i c  d i f f e r e n c e ,  a n d  t h e  N O A A 1  d a t a  w e r e  e x c l u d e d  

b e c a u s e  t h o s e  d a t a  w e r e  i n t e r p o l a t e d .  F o r  t h e s e  c a l c u l a t i o n s ,  

t h e  s a m e  1 1 7 4  p o i n t  d a t a  s e t s  t h a t  a r e  s u m m a r i z e d  i n  T a b l e  2  

a r e  u s e d .  
4 . 1 . 1 .  N o r m a l i z e d  d i f f e r e n c e  h i s t o g r a m s .  

T h e s e  p l o t s ,  s h o w n  i n  F i g u r e  9 ,  a r e  f r e q u e n c y  h i s t o g r a m s  t h a t  
w e r e  b i n n e d  i n  5 %  i n t e r v a l s  a n d  p l o t t e d  s u c h  t h a t  t h e  i n t e g r a l  

u n d e r  a l l  o f  t h e  b a r s  c o r r e s p o n d s  t o  a l l  o f  t h e  d a t a .  T h e  o f f s e t  

o f  t h e  c e n t r o i d  o f  a  d i s t r i b u t i o n  f r o m  t h e  l i n e  o f  z e r o  d i f f e r e n c e  
( s o l i d  l i n e )  i s  a  m e a s u r e  o f  t h e  o v e r a l l  l e v e l  o f  d i f f e r e n c e  o f  a  

d a t a  s e t  f r o m  t h e  a v e r a g e  N O Y .  T h u s  t h e  G I T  d a t a  a r e  2 5 - 3 0 %  

l o w e r  o v e r a l l  t h a n  t h e  a v e r a g e  ( F i g u r e  9 ~ ) .  Q u a l i t a t i v e l y ,  t h e  

s h a p e s  o f  t h e  h i s t o g r a m s  i n d i c a t e  b o t h  h o w  t i g h t l y  c l u s t e r e d  a  

d a t a  s e t  i s  a n d  w h e t h e r  d i f f e r e n c e s  a r e  m o r e  l i k e l y  t o  b e  g r e a t e r  

o r  l e s s  t h a n  t h e  m e a n  d i f f e r e n c e .  F o r  e x a m p l e ,  t h e  h i s t o g r a m  
i n  F i g u r e  9 d  s h o w s  s k e w n e s s  t o  d i f f e r e n c e s  s m a l l e r  t h a n  t h e  

-0.8 -0.4 0.0 0.4 0.8 -0.8 -0.4 0.0 0.4 0.8 

N o r m a l i z e d  D i f f e r e n c e  N o r m a l i z e d  D i f f e r e n c e  

F i g u r e  9 .  N o r m a l i z e d  d i f f e r e n c e  h i s t o g r a m s  o f  i n d i v i d u a l  

N O Y  d a t a  m i n u s  a v e r a g e  N O Y  d a t a .  T h e  a v e r a g e  N O Y  d a t a  w e r e  

c a l c u l a t e d  f o r m  t h e  B N L ,  E S E ,  N O A A 2 ,  T V A M ,  a n d  T V A G  d a t a  
s e t s .  O n l y  c o i n c i d e n t  1  m i n  a v e r a g e s  o f  N O Y  w e r e  u s e d  

( N = l l 7 4 ) .  ( a )  E S E  N O Y ,  ( b )  B N L  N O Y ,  ( c )  G I T  N O Y ,  ( d )  N O A A 1  

N O ? ,  ( e )  N O A A 2  N O Y ,  ( f )  T V A G  N O Y ,  ( g )  T V A M  N O Y  









Table 5. NOy Species and NOY Averaged Over Selected Periods on July 1, 1994. 

Species 03-05 07-08 10-11 12-13 14-15 16-17 19-21 23-01 

Wx 
mo3 

NO; 

PAN 

PPN 
MPAN 

3.46*0.79 22.0k3.7 12.2zk2.4 10.4*2.1 6.55kl.37 6.96kl.46 14.2k3.2 12,2*2.7 
0.2lkO.04 0.94kO.20 3.69*0.78 5.59kl.17 3.94k0.83 2.52k0.53 0.64kO. 13 0.28kO.06 
0.43kO.09 0.88kO. 18 0.96kO.20 1.38kO.29 0.88*0.19 0.75kO. 16 0.47kO.10 0.4OkO.08 
0.35kO.07 0.45zko.09 2.14kO.45 4.37k0.92 3.36k0.7 1 2.10k0.44 0.97kO.20 0.59kO.12 
0.05kO.02 0.09~0.03 0.38kO.11 0.8OkO.24 0.47kO.14 0.25kO.08 0.12kO.04 0.09*0.03 
0.02~0.00 0.02~0.01 0.15kO.05 0.14kO.04 0.07kO.02 0.04~0.01 0.04*0.0 1 0.03~0.01 

Sum NO; 4.52kO.80 24.Ok3.7 19.6+2.6 23.5k2.6 15.3*1.8 12.6kl.6 16.5*3.2 13.6k2.7 

BNL 5.6SkO.57 21.6k2.2 19.4kl.9 27.5k2.8 16.5kl.7 14.4kl.4 16.3kl.6 14.7kl.5 
ESE 5.7Okl.60 23.5k6.6 21.3k6.0 27.4k7.7 16.4k4.6 13.4k3.8 15.554.4 13.8k3.9 
GIT N/A N/A N/A N/A 9.0*3.2 8.3zk2.9 N/A 10.5k3.7 
NOAA1 4.97kO.89 24.2zk4.4 16.7+3.0 17.8k3.2 10.0kl.8 9.8kl.8 13.3k2.4 12.Ok2.2 
NOAA2 4.84k0.87 22.7k4.1 N/A 22.7k4.1 15.3~k2.8 12.3k2.2 15.3k2.8 13.lk2.4 
TVAG 6.65k2.40 23.0k8.3 20.8*7.5 27.5k9.9 15.9k5.7 13.3k4.8 15.7k5.7 14.2k5.1 
TVAM 6.07k2.19 23.2k8.3 22.4k8.1 29.4k10.6 17.Ok6.1 13.6*4.9 14.7k5.3 13.5k4.9 

Mean? 5.79kO.82 22.8kO.91 2l.Ok2.0 26.9k3.1 16.2*0.8 13.4kO.9 15.5kO.8 13.9kO.8 

The averaging periods are given as hour of the day (LT). All values are in ppbv. N/A indicates that data are not available. Uncertainties for methods 
are defined in text. 

*Uncertainty of sum calculated as RMS of method uncertainties. 
TMean does not include GIT or NOAA1 data. Uncertainties are 95% confidence limits on the mean. 



W I L L I A M S  E T  A L . :  G R O U N D - B A S E D  N O ?  I N S T R U M E N T  l N T E R C O M P A R I S O N  2 2 , 2 7 7  

i n c r e a s e d  b y  5 %  t o  c o m p e n s a t e  f o r  t h e  o f f s e t s  i n  t h o s e  d a t a  

s e t s  v e r s u s  t h e  a v e r a g e  ( s e e  F i g u r e s  9 c  a n d  9 d ) .  T h e n  t h e  

d i f f e r e n c e  w a s  t a k e n  b e t w e e n  t h e  a d j u s t e d  d a t a  a n d  t h e  a v e r a g e  
N O I  m e a s u r e m e n t s  a n d  c o m p a r e d  t o  t h e  m e a s u r e d  H N 0 3  a n d  

N O ; .  T h u s  i n  T a b l e  5  a t  1 4 0 0 - 1 5 0 0  t h e  G I T  m e a s u r e m e n t  o f  

9 . 0 0  p p b v  i n c r e a s e d  t o  1 1 . 3  p p b v  a n d  t h e  N O A A 1  v a l u e  o f  
1 0 . 0  p p b v  i n c r e a s e d  t o  1 0 . 5  p p b v ,  w h i l e  t h e  m e a n  o f  t h e  o t h e r  

f i v e  p o i n t s  w a s  1 6 . 2  p p b v .  T h e  d i f f e r e n c e  b e t w e e n  t h e  

a v e r a g e d  N O J  a n d  a d j u s t e d  G I T  i s  4 . 9  p p b v  a n d  f o r  a d j u s t e d  

N O A A 1  i s  5 . 7  p p b v .  T h e  s u m  o f  H N O s  a n d  N O ;  a t  t h i s  t i m e  i s  

4 . 8  p p b v  w h i c h  i s  w i t h i n  2 %  o f  t h e  u n d e r e s t i m a t e d  N O ?  f r o m  

G I T  a n d  w i t h i n  1 5 %  o f  t h e  u n d e r e s t i m a t e d  N O Y  f r o m  N O A A ] .  
F o r  t h e  p e r i o d  1 6 0 0 - 1 7 0 0  u n d e r e s t i m a t e d  N O Y  f r o m  ( a d j u s t e d )  

G I T  i s  3 . 0  p p b v  a n d  f r o m  ( a d j u s t e d )  N O A A 1  i t  i s  3 . 1  p p b v ,  
w h i l e  t h e  s u m  o f  H N O 3  a n d  N O i  i s  3 . 3  p p b v .  T h i s  c l e a r l y  

s u g g e s t s  t h a t  t h e  G I T  a n d  N O A A 1  c o n v e r t e r s  w e r e  n o t  e f f i c i e n t  

e n o u g h  t o  c o n v e r t  t h e  l e s s  t r a c t a b l e  N O Y  s p e c i e s .  A l t h o u g h  

t h e  l o n g  ( - 6 0  c m )  T e f l o n  N O !  i n l e t  t u b e  o n  t h e  G I T  s y s t e m  

m a y  h a v e  b e e n  r e s p o n s i b l e  f o r  s o m e  o f  t h e  H N O 3  l o s s ,  w i t h  

t h e  a v a i l a b l e  d a t a  w e  c a n n o t  a s s e s s  t h e  m a g n i t u d e  o f  t h a t  l o s s  

p r o c e s s  c o m p a r e d  t o  p o s s i b l e  c o n v e r t e r  i n e f f i c i e n c y .  F o r  t h e  
N O A A 1  c o n v e r t e r ,  t h o u g h ,  t h e  i n a b i l i t y  t o  d e t e r m i n e  H N 0 3  

a n d  n i t r a t e  i s  d o u b t l e s s  d u e  t o  c o n v e r t e r  i n e f f i c i e n c y  s i n c e  t h e  
N O A A 1  a n d  N O A A 2  c o n v e r t e r s  ( a n d  i n l e t s )  w e r e  i d e n t i c a l  a n d  

t h e  l a t t e r  o p e r a t e d  e f f i c i e n t l y .  

s u b j e c t  t o ,  s u c h  a s  i n l e t  l o s s e s  a n d  c o n v e r t e r  p r o b l e m s .  S o m e  

i n d i c a t i o n  o f  a c c u r a c y  i s  p r o v i d e d  b y  t h e  6 - 1 2 %  l e v e l  o f  

a g r e e m e n t  b e t w e e n  t h e  a v e r a g e  N O Y  d a t a  a n d  t h e  s u m  o f  t h e  

s e p a r a t e l y  m e a s u r e d  c o m p o u n d s  f o r  t h e  o n e  e p i s o d e  d i s c u s s e d  

a b o v e .  O n  t h e  o t h e r  h a n d ,  t h e r e  m a y  b e  s u b s t a n t i a l  d i f f e r e n c e s  

w i t h  s a m p l i n g  l o c a t i o n  s i n c e  s i g n i f i c a n t  ( > 2 5 % )  d i s a g r e e m e n t  

h a s  b e e n  s e e n  a t  o t h e r ,  m o r e  r e m o t e ,  s i t e s  w h e r e  m o r e  a g e d  a i r  
w a s  s a m p l e d  [ F a h e y  e t  a l . ,  1 9 8 6 ;  C r o s l e y ,  1 9 9 6 ;  W i l l i a m s  e t  

a l . ,  1 9 9 7 1 .  T h i s  m a y  n o t  m e a n  t h a t  t h e  N O Y  t e c h n i q u e  i s  

i n a c c u r a t e ;  i t  m a y  b e  t h a t  n o t  a l l  o f  t h e  N O Y  s p e c i e s  a r e  k n o w n  

a n d  m e a s u r e d .  H o w e v e r ,  i n  t h e  u r b a n  a n d  s u b u r b a n  ( i . e . ,  l e s s  

a g e d )  a i r  m a s s e s  e n c o u n t e r e d  d u r i n g  t h i s  s t u d y ,  w e  c o n c l u d e  
t h a t  m o s t  o f  t h e  t e c h n i q u e s  t e s t e d  w e r e  a d e q u a t e  f o r  t h e  

d e t e r m i n a t i o n  o f  N O Y .  

4 . 3 .  S p i k e  T e s t  R e s u l t s  C o m p a r e d  t o  A m b i e n t  A i r  
M e a s u r e m e n t s  

T h e  d a t a  i n  T a b l e  5  i n d i c a t e  t h a t  N O Y  m e a s u r e d  d u r i n g  t h i s  

p e r i o d  w a s  a c c o u n t e d  f o r  b y  t h e  N O Y  s p e c i e s  s e p a r a t e l y  

m e a s u r e d ,  g i v e n  a l l  o f  t h e  u n c e r t a i n t i e s .  W h e n  N O Y  w a s  
m o s t l y  N O X  ( 0 7 0 0 - 0 8 0 0 ,  1 9 0 0 - 2 1 0 0 ,  2 3 0 0 - 0 1 0 0 )  t h e  

d i f f e r e n c e  b e t w e e n  t h e  N O Y  s u m  a n d  t h e  N O !  a v e r a g e  w a s  0 . 3  t o  
-  I . 2  p p b v ,  o r  - & 6 %  r e l a t i v e  t o  N O Y .  W h e n  N O d N O Y  w a s  l o w  

(  1 2 0 0 -  1 3 0 0 ,  1 4 0 0 - 1 5 0 0 ,  1 6 0 0 -  1 7 0 0 )  t h e  d i f f e r e n c e  w a s  0 . 8  

t o  3 . 4  p p b v ,  o r  6 - 1 2 %  r e l a t i v e  t o  N O Y .  A s  s h o w n  i n  T a b l e  5  
t h e  t o t a l  R M S  u n c e r t a i n t y  o n  t h e  s u m  o f  t h e  N O Y  s p e c i e s  w a s  

1  I % ,  s i m i l a r  t o  t h e  u n c e r t a i n t i e s  o f  t h e  a v e r a g e  N O Y  d a t a .  T h u s  
a n y  o f  t h e  o b s e r v e d  d i f f e r e n c e s  d u r i n g  t h i s  p h o t o c h e m i c a l l y  
a c t i v e  p e r i o d  c a n  b e  a c c o u n t e d  f o r  b y  m e a s u r e m e n t  

u n c e r t a i n t i e s .  C o m p a r i n g  a l l  8  d a t a  p o i n t s  o f  t h e  N O ?  s u m  t o  

t h e  m e a n  N O I  w i t h  a  t - t e s t  s h o w e d  t h a t  t h e  m e a n  d i f f e r e n c e  w a s  
n o t  s i g n i f i c a n t l y  ( p = O . O 5 )  d i f f e r e n t  f r o m  z e r o .  H o w e v e r ,  t h e  

f a c t  t h a t  t h e r e  w a s  n o  s t a t i s t i c a l  d i s a g r e e m e n t  b e t w e e n  

m e a s u r e d  N O ?  a n d  t h e  s u m  o f  t h e  N O Y  s p e c i e s  i s  n o t  t h e  s a m e  a s  

s a y i n g  t h e r e  w a s  a g r e e m e n t .  E v e n  w h e n  N O > ,  w a s  > 8 0 %  N O I  
d i f f e r e n c e s  o f  6 %  w e r e  f o u n d ,  a n d  t h i s  m a y  b e  t h e  b e s t  t h a t  c a n  

b e  d o n e  w i t h  t h e  c u r r e n t  m e t h o d s .  F o r  t h i s  t y p e  o f  b u d g e t  
a n a l y s i s  t o  b e  m o s t  u s e f u l ,  t o t a l  u n c e r t a i n t i e s  i n  a l l  o f  t h e s e  
m e t h o d s  n e e d s  t o  b e  r e d u c e d  a n d  t h e  f r e q u e n c y  o f  m e a s u r e m e n t  
o f  H N O j  n e e d s  t o  b e  i n c r e a s e d .  

I f  t h e  a v e r a g e  r e s u l t s  f r o m  t h e  s p i k e  t e s t s  ( T a b l e  4 )  a r e  
c o n s i d e r e d  t o  b e  r e l i a b l e ,  t h e n  t h o s e  d a t a  s h o u l d  p r o v i d e  a  

m e a s u r e  o f  t h e  c o m p a r a b i l i t y  o f  t h e  d i f f e r e n t  a m b i e n t  a i r  N O Y  

d a t a  s e t s .  T h e  s p i k e  r e s u l t s  s h o w e d  t h a t  a l l  o f  t h e  s y s t e m s  

s h o u l d  m e a s u r e  c o m p a r a b l e  l e v e l s  w h e n  N O X  i s  a  s u b s t a n t i a l  
f r a c t i o n  o f  N O Y .  T h i s  a p p e a r e d  t o  b e  t h e  c a s e  ( a f t e r  a d j u s t i n g  

t h e  G I T  d a t a  b y  2 5 % )  n o t  o n l y  a s  s h o w n  b y  P l a t e  l a  b u t  a l s o  

f o r  v i r t u a l l y  a l l  o f  t h e  m e a s u r e m e n t s .  F o r  b o t h  s m a l l  s c a l e  
v a r i a t i o n s  a n d  l a r g e  a n d  r a p i d  c h a n g e s ,  w h e n  N O d N O Y  > 6 0 %  

a l l  o f  t h e  N O ?  i n s t r u m e n t s  p r o v i d e d  s i m i l a r  d a t a .  M o r e o v e r ,  

t h e  s a m e  r e s u l t  s h o u l d  a p p l y  w h e n  P A N  o r  o t h e r  

p e r o x y c a r b o x y l i c  n i t r i c  a n h y d r i d e s  a r e  a  l a r g e  f r a c t i o n  o f  N O ) ,  

s i n c e  t h e s e  c o m p o u n d s  b e h a v e  v i r t u a l l y  i d e n t i c a l l y  t o  N O *  i n  

t h e  v e r y  h o t  ( > 3 0 0 ° C )  e n v i r o n m e n t s  o f  a n y  o f  t h e  c o n v e r t e r s .  

A n d ,  l i k e  N O Z ,  t h e  u p t a k e  o f  t h e s e  s p e c i e s  o n  s u r f a c e s  i s  s m a l l  

t h u s  t h e m  w i l l  b e  l i t t l e  l o s s  o n  i n l e t s .  
S p i k e  d a t a  f r o m  t h e  m o r e  d i f f i c u l t  t o  c o n v e r t  s p e c i e s ,  

h o w e v e r ,  s u g g e s t  t h a t  s o m e  s y s t e m s  w i l l  n o t  a g r e e  d u r i n g  

a m b i e n t  m e a s u r e m e n t s .  T h e  a v e r a g e  r e s u l t s  f o r  N P N  i n  T a b l e  4  

s u g g e s t  t h a t  t h e  G I T ,  N O A A l ,  a n d  N O A A 2  c o n v e r t e r s  w i l l  
u n d e r e s t i m a t e  N O ! ,  b u t  s i n c e  a l k y l  n i t r a t e s  a r e  t y p i c a l l y  o n l y  a  

s m a l l  f r a c t i o n  o f  N O ?  [ & &  e t  a l . ,  1 9 9 0 1  t h e  e f f e c t  s h o u l d  b e  

m i n i m a l .  O n  t h e  o t h e r  h a n d ,  f o r  H N O x  t h e  T a b l e  4  d a t a  
i n d i c a t e  p o t e n t i a l  p r o b l e m s  f o r  B N L ,  G I T ,  N O A A  I ,  N O A A 2 ,  
a n d ,  t o  a  l e s s e r  e x t e n t ,  T V A G .  E x c e p t  f o r  t h e  G I T  a n d  N O A A 1  

d a t a ,  t h e s e  r e s u l t s  d o  n o t  s e e m  t o  h o l d  f o r  t h e  a m b i e n t  a i r  

m e a s u r e m e n t s  a s  d e s c r i b e d  a b o v e  f o r  J u l y  I .  W h e n  H N O 3  w a s  
2 0 - 2 5 %  o f  N O Y  ( a t  1 2 0 0 . I 3 0 0  a n d  1 4 0 0 - 1 5 0 0 )  a n d  e a s i l y  

m e a s u r a b l e  d i f f e r e n c e s  i n  N O Y  s h o u l d  h a v e  b e e n  a p p a r e n t ,  a l l  
o f  t h e  N O Y  d a t a  ( e x c e p t  f o r  G I T  a n d  N O A A l )  c l u s t e r e d  t o g e t h e r ,  

T h e  p r e c i s i o n  o f  t h e  N O Y  m e t h o d s ,  m e a s u r e d  a s  t h e  s c a t t e r  T h e  r e a s o n s  f o r  t h i s  l a c k  o f  c o n s i s t e n c y  b e t w e e n  t h e  s p i k e  

o f  t h e  f i v e  m e a s u r e m e n t s  r e l a t i v e  t o  t h e  m e a n ,  w a s  g e n e r a l l y  r e s u l t s  a n d  t h e  a m b i e n t  a i r  d a t a  a r e  l i k e l y  r e l a t e d  t o  t h e  s p i k e  

q u i t e  g o o d .  T h e  N D  h i s t o g r a m s  i n  F i g u r e  9  ( F i g u r e s  9 a ,  9 b ,  9 e ,  t e s t s .  A l t h o u g h  u n s t a b l e  o u t p u t  f r o m  t h e  s p i k e  g a s  s o u r c e s  i s  

9 f ,  a n d  9 g )  s h o w  t h a t  v i r t u a l l y  a l l  o f  t h e  m e a s u r e m e n t s  f r o m  n o t  l i k e l y  a  f a c t o r  b a s e d  o n  t h e  m e a s u r e d  c o n s t a n c y  o f  t h e  
t h o s e ,  a l b e i t  l i m i t e d ,  d a t a  s e t s  w e r e  w i t h i n  & 2 0 %  o f  o n e  s o u r c e  c o n t r o l l i n g  p a r a m e t e r s  ( e . g . ,  t e m p e r a t u r e s ,  f l o w s ,  

a n o t h e r .  T h i s  c a n  b e  v i e w e d  a s  a n  a p p r o x i m a t e  3 0  p r e c i s i o n  o f  p r e s s u r e s ,  e t c . )  a n d  t h e  T V A M  a n d  T V A G  s p i k e  t e s t  r e s u l t s ,  
r e p l i c a t e  N O !  m e a s u r e m e n t s .  S i m i l a r l y ,  t h e  1 0  R S D  o f  t h e  s u b t l e  ( b u t  p e r h a p s  s i g n i f i c a n t )  d i f f e r e n c e s  i n  h o w  t h e  s p i k e  

m e a n  o f  f i v e  a v e r a g e d  N O !  m e a s u r e m e n t s  ( T a b l e  5 )  u n d e r  a  w i d e  t e s t s  w e r e  a d m i n i s t e r e d  c o u l d  h a v e  b e e n  r e s p o n s i b l e .  S u c h  

r a n g e  o f  N O X / N O , ,  r a t i o s  y i e l d s  e s t i m a t e d  p r e c i s i o n  o f  t h e  o r d e r  f a c t o r s  a s  h o w  f a r  t h e  s p i k e  s o u r c e  t u b e  w a s  p l a c e d  i n  a n  i n l e t ,  

o f  * I O % .  T h e s e  t w o  e s t i m a t e s  a r e  q u i t e  s i m i l a r  t o  e a c h  o t h e r .  t h e  l e n g t h  o f  t i m e  n e e d e d  f o r  a  s p i k e  g a s  t o  c o n d i t i o n  t h e  i n l e t  

A n  a s s e s s m e n t  o f  t h e  a c c u r a c y  o f  a n  N O ?  m e a s u r e m e n t  i s  t u b i n g  w a l l s ,  c h a n g e s  i n  t h e  a m b i e n t  a i r  e n v i r o n m e n t  ( i . e . ,  
a n o t h e r  m a t t e r .  E v e n  t h o u g h  t h e s e  a r e  i n d e p e n d e n t  t e m p e r a t u r e ,  h u m i d i t y ,  a e r o s o l  l o a d i n g  o r  c o m p o s i t i o n ,  e t c . )  
m e a s u r e m e n t s  o f  N O ? ,  t h e  a c c u r a c y  o f  t h e  N O Y  t e c h n i q u e s  s t i l l  d u r i n g  a n d  b e t w e e n  s p i k e s ,  i m p r e c i s i o n  i n  t h e  d e t e r m i n a t i o n  

c a n n o t  b e  a s s e s s e d  o n  a n  a b s o l u t e  b a s i s  b e c a u s e  o f  t h e  o f  a  s p i k e  l e v e l  d u e  t o  l a r g e  a n d  c h a n g i n g  N O Y  b a c k g r o u n d s ,  

p o s s i b i l i t y  o f  s y s t e m a t i c  e f f e c t s  t h a t  a l l  o f  t h e  m e t h o d s  a r e  a n d  p e r h a p s  o t h e r  f a c t o r s  a l l  d e t e r m i n e d  h o w  r e l i a b l e  t h e  s p i k e  
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tests were. Some of these factors no doubt contributed to the 

super-unity recoveries seen in the NPN and HNOj tests. In 

retrospect, the spike test levels probably should have been 

made much larger than the expected ambient NOY mixing ratios 
to improve the precision of the tests. Administering the tests 

in zero air would not have helped because higher conversion 
efficiency is found when the tests are done in that dry-air 

matrix than when the same converter is tested in ambient air. 

At least this was true for the NOAA1 and NOAA2 Au converters 

for this study. 

4.4. Comparison Between Au and MO Converters 

The last point for discussion is an assessment of the 

differences, if any, between the two types of converters. For 

this comparison the NOAA1 Au converter and the GIT MO 

converter are excluded because of the problems already 

discussed. This leaves two, quite similar, Au tube/CO reductant 
converters with the only significant difference being the 

temperature of operation. The NOAA2 tube was held at 3OO’C 

and the TVAG tube was held at 320°C. Of the three MO 

converters, two (ESE; TVAM) were obtained from commercial 
sources and one was custom built (BNL). Again, there were 

differences in the temperature at which these devices were 

controlled (BNL at 350°C; ESE at 37S’C; TVAM at 340°C), but 
there were also differences in inlet design. The data in Table 2 

(1174 points) for each group (Au versus MO) were averaged and 
plotted against each other. The result is shown in Figure 12 

where the solid line is that of one-to-one correspondence and 
the dashed line is the weighted linear least squares fit line. The 

weights used were the inverse of the standard deviations of 

each averaged point. Standard deviations of Au mean values 

were comparable to those of MO mean values. 

2 4 6 8 2 4 6 8 

1 10 100 

Average Au NO,,, ppbv 

Figure 12. Average NOY measured by MO converters (BNL; 

ESE; TVAM) plotted versus average NOT measured by Au 
converters (NOAA2; TVAG). The solid line is that of one-to- 

one correspondence, and the dashed line is that fitted to the 

data by weighted linear least squares. The fitted line 

parameters and associated uncertainty are shown in the box. 

As expected, there was a high degree of correlation between 
the data sets (r2 is near unity) and very small uncertainty on 

the slope and intercept. The plot indicates only a small 
difference between the Au and MO converters for this data set, 

although there is a clear tendency for the MO NOY 
measurements to be higher than the Au NOv measurements. 

Elimination of the small positive offset seen in the BNL data 

(Figure 9b) had little influence on the the parameters from the 
least squares fit (slope: 1.04; intercept: 0.12). A possible 

reason for the AU-MO difference may arise from aerosol effects 

related to design differences between the tube-type Au 
converter and the mesh-type MO converters. By design, 

nitrogen-containing aerosols contact the heated MO mesh and 

are converted to NO, but the open-bore design of the Au 

converters should pass the majority of aerosols. However, no 
correlation was seen when the difference in NOY between Au 

and MO converters was plotted versus aerosol nitrate. On the 

other hand, the small difference between the converters seen in 

Figure 12 is well within the uncertainties in the NOJ 

measurements. Thus we conclude that the converters were 

virtually equivalent when operated in the high-NOY 

urban/suburban environment near Nashville during this study. 

However, in rural or remote areas where NOY levels are 1 ppbv 
or less (sometimes much less) the difference seen in Figure 12 

could become quite significant. Since many NO! measurements 

are conducted where NOI levels are very low (i.e., from aircraft) 

as opposed to in urban areas, it seems prudent that NOY 
instruments be rigorously compared at those lower levels. 

5. Summary and Conclusions 

The results from this study indicate that NOY at levels 

typical of urban locations can be determined adequately by 

currently used NOX converters. However, since NO? consisted 

mostly of NOX for much of the time, this study did not provide 
a rigorous test of NO! instruments. Also, generally high and 

variable levels of NO! (2 - 100 ppbv) limited interpretation of 
the spike test results because of poor precision. Nevertheless, 

sufficient data were collected to allow the following 

conclusions to be made. 

I. Some loss of conversion efficiency was found with two 
of the seven converters. The GIT and NOAA1 converters did 

not measure the same levels of NO! as the other tested systems 

when photochemical conversion of NOI to more oxidized NOY 

species occurred. For the NOAA1 converter this was clearly 

due to inefficient NOY conversion at low NOX/NOY ratios rather 

than inlet losses, since the very similar NOAA2 converter 

provided results that were reasonably consistent with the 

majority of the data. (The NOAA group extensively evaluated 

these converters upon return to the laboratory and found that 
the NOAA1 converter could not be returned to 100% efficiency, 

regardless of the cleaning procedures used.) The GIT system 

appeared to have a systematic problem since those data were 

consistently lower (25%) than the rest of the measurements. 

When this offset is artificially accounted for, the GIT data were 

in accord with the other data but only when NO was 
substantially comprised of NOX. The offset has been attr:buted 

to problems with the calibration system, which was redesigned 

after this study. During periods of high photochemical 
activity larger differences between GIT and average NOJ data 

were seen. Losses of more oxidized NOY species in the inlet 
tubing and/or inefficient conversion were the probable reasons 

for that difference. Aside from the GIT and NOAA1 
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instruments, no other losses of conversion efficiency were 
found. The consequence is that measurement of NOY can be 

made in an urban outflow region, but requires constant 

attention from experienced personnel. 

2. The results from the spike tests for some instruments 

(ESE, TVAG, TVAM) were consistent with the ambient air data, 

but for other systems (BNL, GIT, NOAAI, NOAA2) they were 

not. For BNL, NOAAl, and NOAA2, the low average 

recoveries from the HNO? tests were approximately 

comparable, but only the NOAA1 converter measured low NOY 
when HNOx was a sizable fraction of NOY (20-25%). No reason 

was found for the inconsistent BNL or NOAA2 results. The GIT 
converter showed higher recovery from the HNOy spike tests 

than BNL or NOAA2 (especially when the systematic offset 

was accounted for) but found uniformly lower NOY than the BNL 

or NOAA2 converters when the ambient HNOx level was high. 

On the other hand, when the ambient NOX/NOY level was 

greater than about 0.6 all of the instruments measured NOY 

levels consistent with one another, though, again, the GIT 

data needed to be corrected for the observed average offset. 

These results were in good accord with the spike test results. It 

appears that a significant reason for the ambiguous results 
between spike tests and ambient air data was the reduced 

precision of the spike tests due to the large and varying NO! 

levels found at this site. Other factors related to how the tests 
were conducted, such as the time required to condition inlet 

lines, also may have contributed to the observed 

inconsistencies. 

3. A small difference was evident between the averaged NO! 

data from MO converters and that from Au converters. Though 

the average NO,, measured by three MO converters was 5% 

higher than NOT measured by two Au converters, the difference 

was within the uncertainties of the measurements. For the 

levels of NOY measured at this urban/suburban site, the 
difference between Au and MO converters is negligibIe, but for 

measurements of low NOJ levels (~1 ppbv) at remote locations 

the difference might be significant. 

4. Finally, some general observations need to be made. 

The differences observed in NO) measured at this site were 

attributable to specific performance problems only because 

sufficient ancillary and redundant NO! data were available. If, 

for example, the GIT or NOAA1 converters only had been used 

(and without the benefit of spike tests or ancillary NOY 

measurements) then incorrect results would have been reported. 

Conversion efficiency for NO! catalysts can depend on any 

number of parameters, such as cleaning procedures, history of 

the catalyst, nonuniformities in catalyst temperature, and 
sampling matrix (e.g., temperature, humidity, aerosols) to 

name a few [Fu/zey et al., 1985; Klimr et cd., 19971. It is 

imperative, then, that constant tests and checks of these 
systems be performed during the measurements to ensure data 

of the highest quality. Further, these differences point out the 
need to acquire and evaluate data in near real time. Since 

nothing can be done to correct the data after the experiment is 

over, any problems with the NOY measurements (i.e., low 
conversion efficiency or interferences from non-NO! species) 

must be dealt with while the data are being collected. Certainly 

redundant NOY measurements can be very helpful for 

determining whether corrective actions need to be performed or 
if errors arise during poststudy data processing, as was seen 

here with the TVA data. However, the primary evaluation of 

the robustness of NOY measurements should be with the 

individual NOX species themselves and with species known to 

interfere (e.g., NHX, HCN). For routine calibrations and 

checks, species such as NO* or NPN are useful since they are 
themselves NOy species and they are convenient to handle in 

gas delivery systems. However, for the most accurate 

determination of converter efficiency, HNO3 must be used for 

field evaluation tests since it is this NOy species that is the 

most difficult to determine with existing NOY instrumentation. 
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